Wood extractives (i.e. those compounds that are extractable from wood with organic solvents) cause production and environmental problems in pulp and paper manufacturing. The lipophilic compounds, which form the so-called wood resin, are the most problematic and they include free fatty acids, resin acids, waxes, fatty alcohols, sterols, sterol esters, glycerides, ketones and other oxidized compounds [1] [2] [3] [4] . In addition to these compounds that are soluble in nonpolar solvents, wood extractives include a variable proportion of polar compounds. Table 1 shows the composition of lipophilic extractives from several woody angiosperms (hardwoods) and gymnosperms (softwoods). Moreover, there are differences in resin content and composition between different parts of the tree (including between heartwood and sapwood) and, depending on the age of tree, the growing conditions and other genetic and environmental factors 5 .
During wood pulping and refining of paper pulp (Box 1, Refs 2,6), the lipophilic extractives in the parenchyma cells and softwood resin canals is released, forming colloidal pitch. These colloidal particles can coalesce into larger droplets that deposit in pulp or machinery forming 'pitch deposits', or remain suspended in the process waters. Pitch deposition results in low quality pulp and can cause the shutdown of mill operations 7 . Economic losses associated with pitch problems in kraft mills often amount to 1% of sales. The main cost components of pitch in pulp mills are the loss of money as a result of contaminated pulp, lost production and the cost of pitch control additives 8 . Pitch present in contaminated pulp is the source of the problems in paper machine operation, including the production of spots and holes in the paper, sheet breaks and technical shutdowns 9 . Moreover, the increasing need for recirculating water in pulp mills is leading to an increase in pitch concentration, which results in higher deposition. In addition, some wood extractives could have a detrimental environmental impact when released into wastewaters. This is especially important in modern environmentally sound pulp manufacturing processes (Box 1). In these processes, chlorine bleaching has been substituted by elemental chlorine-free (ECF) or totally chlorine-free (TCF) bleaching. In the chlorine-free effluents from TCF mills, resin acids, fatty acids and steroids released from wood during pulping have become the primary source of toxicity 10, 11 .
Pitch problems originate with the extractives in the different types of wood but also depend on the At present, microbial and enzymatic preparations for the control of triglyceride-containing pitch deposits during the manufacture of mechanical and sulfite paper is commercially available. However, biotechnological products for pitch control in other pulping processes, such as alkaline pulping, are under development. These products include new fungi for the removal of steroids involved in pitch deposit formation in chlorine-free pulps, to be used as a biological pretreatment of wood before pulping. Simultaneously, tailor-made enzymes are being produced using protein-engineering techniques, enabling the specific removal of pitch contaminant compounds from paper pulp.
The biotechnological control of pitch in paper pulp manufacturing Ana Gutiérrez, José C. del Río, María Jesús Martínez and Angel T. Martínez above-mentioned pulping and bleaching processes. Therefore, there is considerable variability in pitch problems from mill to mill, as well as in different areas of a mill. Mechanical pulping and subsequent bleaching scarcely affect resin composition. Therefore, pitch deposits in mechanical pulping show a chemical composition similar to lipophilic extractives from wood used as a raw material (e.g., triglycerides, resin acids and fatty acids in pitch deposits from pine mechanical pulping 12 ). In kraft pulping, the total amount of extractives in wood might not be as important as the presence of specific compounds surviving cooking conditions. Under these conditions, the glycerol esters are saponified and the fatty and resin acids dissolved. However, the sterol esters and waxes are saponified much more slowly than the glycerol esters. The sterol esters, waxes and free sterols do not form soluble soaps as do free acids, and therefore, have a tendency to deposit. By contrast, the glycerol and sterol esters are not saponified during acidic cooking, such as sulfite pulping. ECF bleaching of chemical pulps avoids the pitch troubles associated with chlorinated resin components formed by chlorine bleaching 13 . However, some of the extractives that are destroyed by chlorine dioxide represent a source of specific pitch problems in modern TCF bleaching because it is not affected by the hydrogen peroxide. During TCF bleaching of eucalypt kraft pulp (Box 2), sitosterol and sitosterol esters were found to be the main compounds responsible for pitch deposit formation 14, 16 . The higher concentration of these compounds in relation to the saponifiable extractives causes pitch problems in the kraft pulping of eucalypt and other hardwoods, such as aspen (Populus tremuloides), used in the pulp and paper industry 17 .
Natural seasoning of pulpwood
Traditionally, pitch deposits in paper pulp manufacturing processes have been reduced by seasoning (storage in the woodyard) unbarked or barked logs and wood chips. It is well known that storing reduces the resin content of wood and brings about changes in the nature of the resin. During storage, some extractives are lost through oxidative processes and hydrolysis by plant enzymes, as well as by the action of wood colonizing organisms. The reactions of wood resin components during storage have been studied for several pulpwood species including eucalypt 18, 19 . Reduction of resin content occurs significantly faster when the wood is stored in the form of chips because both chemical and microbial 
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Paper pulp manufacturing is the first non-food industrial utilization of plant biomass. This industrial process consists of: (1) pulping the wood to separate fibers by chemical or mechanical means; and (2) bleaching the pulp by the sequential action of chemical reagents and alkaline extractions. The main differences between the two pulping processes are the yield, up to 99% for mechanical pulps and ~50% for chemical pulps, and the quality of the paper that has significantly higher mechanical properties in the case of chemical pulping. Intermediate yields are obtained when a combination of chemical reagents and mechanical treatment is used, such as in semichemical pulping. Lignin, which acts as a cementing agent between wood fibers at the level of middle lamella, can be partially depolymerized to obtain different chemical pulps. Alkaline kraft pulping (sodium hydroxide and sulfide cooking at 155-180°C and 7-11 bar) is the dominant process for wood pulping because of the high quality of the pulps obtained after extensive removal of lignin. Together with lignin, which accounts for 20-30% wood weight, a fraction of polysaccharides is solubilized during chemical pulping, which results in decreased pulp yield. By contrast, no significant modification or removal of wood constituents is produced during mechanical pulping and very high yields are obtained. Mechanical pulps are obtained using two different processes -stone grinding and refiner pulping -characterized because whole logs or wood chips are ground, respectively. Mechanical refining, an energy consuming process, is also used to complete fiber separation after chemical treatment in semichemical pulps.
Despite the fact that lignin is pale-brown when extracted under mild laboratory conditions, it turns to dark-brown during chemical pulping as a result of oxidation reactions. Therefore, pulp bleaching using a variety of oxidizing or reducing chemicals and alkaline extractions, in different sequences, is necessary in the production of white paper from chemical pulps. By contrast, comparatively mild bleaching treatments, including hydrogen peroxide and dithionite, are applied to mechanical pulps. Elemental chlorine has been traditionally used to bleach chemical pulps but, despite the high efficiency of this strong oxidant, it must be avoided because of the formation of chlorinated lignins and phenols that are discharged in wastewaters. Environmentallysound bleaching sequences involve the substitution of chlorine by chlorine dioxide, in the case of 'elemental chlorine-free' (ECF) bleaching, and the complete elimination of chlorinated reagents (to be substituted for example by hydrogen peroxide, oxygen, ozone or xylanases) in the case of 'totally chlorine-free' (TCF) bleaching. Despite some difficulties in attaining high brightness degrees, TCF sequences are being introduced in the European pulp and paper industry to completely avoid chlorinated compounds in the mill effluents and final products.
Box 1. Paper pulp manufacturing processes: wood pulping and bleaching
transformations proceed faster owing to the increased surface area 7 . Therefore, the storage of wood can reduce pitch problems considerably, but is dependent on the storage conditions. However, it is generally recognized that prolonged wood storage can also result in decreased pulp yield and low pulp quality owing to the action of decay organisms. Hence, the advantages of wood seasoning in minimizing pitch problems must be weighed against the loss of pulp quality that might be sustained through storage.
Pitch biocontrol with Ophiostoma piliferum and other ascomycetous fungi
The biological treatment of wood with fungi to remove extractives before pulping has been suggested and tested in mill trials as an alternative to traditional methods for pitch control 20 . Indeed, a fungal product for pitch degradation has been commercially available since 1991 (Cartapip ® ). The biological pretreatment is a wood seasoning process that is enhanced and accelerated using a selected wood-inhabiting fungus. 
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Eucalypt wood is an important raw material for the manufacturing of paper pulp in countries such as Spain, Portugal, Brazil, Australia and South Africa. Highquality kraft pulps are being obtained from Eucalyptus globulus wood. A study on pitch deposit formation during manufacturing of environmentally-sound kraft pulp from E. globulus wood has been carried out as a prerequisite for the development of pitch biocontrol strategies (see Box 4) . Some of the conclusions obtained are of interest for manufacturing of kraft pulps from other woods with similar pitch conditions. Pitch deposits were collected from pulp sheets and processing equipment during the manufacture of totally chlorine-free (TCF) and elemental chlorine-free (ECF) bleached pulps. To identify those wood components responsible for pitch deposit formation, lipophilic extractives have been analyzed from E. globulus wood and pulp, before and after TCF and ECF bleaching. The results from gas chromatography-mass spectrometry (GC-MS) analyses showed free sitosterol as the main constituent of pitch deposits during TCF bleaching (Fig. I) . The GC-MS profile obtained was similar to those found during analysis of lipophilic extractives from eucalypt wood and both brown and TCF pulp, in which sitosterol in both free and esterified form, was the dominant sterol. Furthermore, they also contained minor amounts of other sterols including campesterol, stigmastanol, fucosterol, cycloartenol, 24-methylenecycloartanol and citrostadienol (Fig. II) . Sitosterol was not affected by kraft cooking and hydrogen peroxide bleaching, being at the origin of the pitch deposits, together with a certain amount of sterol esters surviving the alkaline cooking. The situation was different during ECF bleaching because unsaturated sterols (such as sitosterol) are destroyed by the chlorine dioxide, and only the saturated sterols (such as stigmastanol) were found in both deposits and bleached pulp together with several steroid ketones and hydrocarbons.
Unsaturated fatty acids are also destroyed by the chlorine dioxide treatment of pulp. Finally, the non-extractable fraction of the deposits was analyzed using pyrolysis-GC-MS in the presence of a methylating agent, tetramethylammonium hydroxide, revealing the presence of fatty acid salts (and, in some cases, ligninderived compounds) that were deposited together with the major steroid fraction. 
Box 2. The origin of pitch deposits in hardwood pulps
Wood decay fungi are of considerable biotechnological interest in paper pulp manufacturing (Box 3, Ref. 21 ). The first patent on pitch biocontrol describes the use of conidial fungi from the genera Penicillium, Trichoderma and Gliocladium 22 but no information on their efficiency in removing extractives is given. Another patent describes wood treatment with sapstain ascomycetes from the genera Ophiostoma and Ceratocystis and their conidial states, as well as other ascomycete-type fungi and was filed in 1990 (Ref. 23) . Simultaneously with removal of extractives, a decrease in pulp brightness was observed because of the production of dark pigments by wild sapstain fungi. To overcome this problem, non-pigmented strains of O. piliferum were obtained using classical genetics techniques. The use of these colorless fungi for biological control of pitch were covered by several patents [24] [25] [26] , and marketed by Clariant Corporation under the trade name Cartapip ® . In mill-scale trials, in both the US and Finland, a 40% reduction of pine extractives was obtained after a two-week treatment of wood chips compared with only 20% removal after natural seasoning [27] [28] [29] . Table 2 gives a list of some woods on which Cartapip ® has been assessed for its ability to remove total extractive. Wood treatment with this commercial fungus also results in the biocontrol of other organisms, including wild sapstain fungi.
For pitch control, it is important to analyze the removal not only of the total extractives but also of the individual lipid classes. For example, Cartapip ® treatment removes up to 50% of eucalypt extractives (Table 2 ) but this does not decrease pitch during kraft pulping because the lipophilic compounds responsible for deposits (a minor fraction in eucalypt extractives) are not degraded efficiently. Triglycerides are the most problematic compounds during the manufacturing of mechanical and acidic sulfite pulps from pine and other softwoods. A 90% decrease of these compounds can be obtained with Cartapip ® treatment of pine wood, a percentage significantly higher than that obtained after seasoning 29 . However, the decrease in content of resin acids, sterol ester and waxes after a two-week treatment of this wood with Cartapip ® is often similar to that obtained after natural seasoning under the same conditions 29, 30 . Despite this limitation, Cartapip ® fills a specific niche and provides efficient control for pitch deposits in mechanical and acidic sulfite pulping. This product opened the field of microbial control of pitch and new products must be developed to tackle other pitch problems. Indeed, a recent screening has shown some sapstain fungi with better performances than Cartapip ® for softwood depitching 31, 32 .
Pitch biocontrol with selected basidiomycetes
Triglycerides and fatty acids are degraded by a variety of fungi, but resin acids, free and esterified sterols and waxes are more recalcitrant towards microbial degradation [33] [34] [35] . As previously described, several sapstain fungi remove some of the main constituents of softwood extractives, however, the best results in terms of resin acid degradation have been obtained with some of the white-rot basidiomycetes (Box 3, Refs 35,36). These fungi simultaneously decreased the potential toxicity of mechanical pulping effluents. Similar results were obtained in a recent study on the biodegradation of steroids responsible for pitch deposits in eucalypt pulp manufacturing. A large number of fungal Main steroid compounds identified in the acetone extracts from Eucalyptus globulus wood and pitch deposits, during manufacturing of chlorine-free eucalypt kraft pulp. Sterols found as free or esterified (i, campesterol; ii, sitosterol; iii, stigmastanol; iv, fucosterol; v, cycloartenol; vi, 24-methylenecycloartanol; vii, citrostadienol); steroid hydrocarbons (viii, stigmasta-3,5-diene) and steroid ketones (ix, stigmasta-3,5-dien-7-one; x, stigmast-4-en-3-one; xi, stigmastan-3-one; xii, stigmasta-3,6-dione).
species (21 ascomycetes, 33 basidiomycetes and 19 conidial fungi) including strains isolated from eucalypt wood, were screened 37 . The different patterns of lipophilic compound biodegradation were analyzed 38 and the time-course of the fungal removal of these compounds was followed to optimize the time duration of the treatment 34 . Several ascomycete-type fungi including Cartapip ® were proved ineffective for pitch control in eucalypt pulp because they decreased sterol ester content but did not lower the amount of free sterols. The decrease in the level of sterol esters is related to the esterase activity produced by this fungus 39 . However, several white-rot basidiomycetes were selected because of their ability to efficiently remove both sitosterol and sitosterol esters ( Fig. 1 ) responsible for pitch deposits in TCF bleaching (Box 2). These fungi were also able to degrade other steroids that resist chlorine dioxide treatment and are involved in deposit formation during ECF bleaching 15 . Recently, the ability of basidiomycetes to hydrolyze sterol esters and waxes in liquid culture has been reported 33 . As shown in Box 4, kraft cooking and TCF bleaching of the eucalypt chips treated with four selected basidiomycetes, followed by papermaking evaluation of the pulps, confirmed their potential for pitch biocontrol in hardwood pulping 40, 41 . The 'biopulps' obtained contain up to 60-70% less sitosterol and sitosterol esters and maintained their mechanical and optical properties. Wood pretreatments with these basidiomycetes also result in lowering the lignin content. The possibility to combine both extractives and lignin removal in a wood biopulping treatment with white-rot fungi has already been suggested [42] [43] [44] . In addition, it has been shown that fungal pretreatment of wood strongly decreases the potential toxicity of effluents owing to the biological removal of some extractive 36, 40 . In this way, multipurpose biopulping strategies can be designed, with the following aims: (1) controlling pitch deposition; (2) saving chemicals and/or energy during the pulping and bleaching processes; (3) reducing their environmental impact; and (4) improving the optical and/or mechanical properties of pulps.
Enzymatic removal of lipophilic compounds from paper pulp and process waters
The use of enzymes in the pulp and paper industry has grown rapidly since the mid 1980s. Although many of these applications are still at the research and development stage, some of them have found their way into the mills in an unprecedented short period of time. One of the best examples is the enzymatic control of pitch in softwood mechanical pulps using lipases (triacylglycerol acylhydrolases, EC 3.1.1.3), which was put into practice in a largescale paper-making process as a routine operation in the early 1990s (Ref. 45) . However, it is important to note that the addition of lipases to pulp constitutes a prophylactic measure to prevent deposit formation but it is not effective in the removal of previously formed pitch deposits. Lipases are a group of hydrolases that have been characterized from a variety of organisms. They are of particular interest in detergent formulation and paper pulp manufacturing as well as in many other industrial applications [46] [47] [48] 
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The ability to colonize lignified plant material is a characteristic of wood decay fungi, which include white-rot, brown-rot, soft-rot and sapstain species. The fungi that cause white-rot and brown-rot are basidiomycetes and are characterized by their ability to degrade lignin and cellulose respectively, resulting in white (cellulose enriched) or brown-colored (lignin enriched) decayed substrates. The soft-rot fungi are ascomycetes, or ascomycete-type conidial fungi and produce cavities in the secondary cell wall after a limited degradation of carbohydrates. The typical sapstain fungi, also called 'blue-staining fungi', colonize wood vessels and rays (as well as softwood resin canals) penetrating through the cell-wall pits. Penetrating fungi is a broader term for sapstain species, which also includes some related wood colonizing fungi. The growth of sapstain fungi is supported by easily degradable extractives and/or water-soluble constituents and causes discoloration and minimal weight loss. Wood discoloration is caused by the presence of dark pigments (melanins) that have a role in the protection of fungal hyphae against radiation. Because most lipophilic compounds involved in the formation of pitch deposits are concentrated in wood rays and resin canals, the sapstain fungi were the first candidates for the biological control of pitch during wood pulping. Wood-rotting basidiomycetes have also been investigated for biotechnological application in paper pulp manufacturing. 'Brown-rotters' are of little applied interest because they degrade cellulose, the most valuable wood constituent for industrial utilization. However, some white-rot fungi produce a selective degradation pattern characterized by the preferential removal of lignin, the cementing agent between cellulosic fibers. The material obtained is similar to paper pulp obtained by alkaline cooking. Biopulping, in combination with chemical and/or mechanical treatments, represents an attractive alternative to reduce the consumption of pulping chemicals and/or energy. White-rot fungi and their enzymes are also of biotechnological interest for pulp bleaching. The main purpose of biobleaching is to reduce the consumption of the chlorinated reagents traditionally used to bleach pulp, which have a detrimental impact in the water environment. The possibility of combining the advantages associated with the use of white-rot fungi treatments in paper-pulp manufacturing, such as the removal of lignin or lignin-derived compounds, and the degradation of lipophilic extractives is also being considered. paper pulp were initiated in Japan using an enzyme isolated from a strain of Candida cylindracea 49 .
The enzyme treatment studies were continued by additional mill trials using an improved lipase preparation commercialized by Novo Nordisk (currently Novozymes, Bagsvaaerd, Denmark) under the trade name Resinase ® (Refs 50-52); a recombinant lipase expressed in Aspergillus oryzae.
Resinase ® hydrolyzed ~95% of the triglycerides in a pine (Pinus densiflora) mechanical pulp. In addition, the Resinase ® treatment reduced the number of deposits, decreased the number of spots and holes in the paper, enabled a reduction in talc dosage to control pitch deposition and permitted the use of higher amounts of fresh wood. During subsequent years, several paper mills in Japan and China have introduced lipase-based pitch control technology in mechanical pulping 45, 52 . In Europe, pilot-scale trials for pitch control in softwood sulfite pulp using
Resinase ® have also provided promising results [53] [54] [55] . However, lipase treatments have not yet been successfully introduced in the US paper industry, in which the percentage of wood pulped by mechanical processes is lower than in Europe. Fleet and Breuil 56 have shown that wood impregnation with sodium hydrosulfite before refining -a common practice in mills in North America -does not affect the effectiveness of the lipase treatment. They suggested that fluctuations in the fatty acid concentrations of the pulps might explain the variable success of the lipase treatment because a high ratio between free fatty acids and triglycerides inhibits esterase activity 56 . This drawback could be overcome by the addition of cationic polymers retaining free fatty acids 57 . In addition to Resinase ® , other industrial lipasessuch as Lipidase 10000 (American Lab. Inc.) and Candida and Aspergillus lipases -have been investigated for the enzymatic control of pitch 45, 52, 56, 58, 59 . All of these enzymes act on glycerides but do not degrade other extractives that form pitch deposits. Thus, enzymes acting on a broader range of substrates are being investigated, and different groups of organisms are presently undergoing screening for new enzymes 60, 61 .
Sterol esterases (steryl-ester acylhydrolases, E.C. 3.1.1.13), a less well-characterized group of hydrolases, could also be of considerable importance for pitch control because sterol esters are often at the origin of deposits, owing to their high tackiness and resistance to kraft cooking. These enzymes are produced by mammalian tissues, several fungi and bacteria, but none of them has reached industrial production 60, [62] [63] [64] [65] [66] [67] . However, activity on sterol esters has been found in several lipases 39, 68, 69 . Little is known about the enzymes involved in enzymatic degradation of sterols and resin acids, even though the microbial degradation of these compounds has been reported 11, [70] [71] [72] . Finally, it has been shown that glucomannans in process waters from mechanical pulping, stabilize pitch particles 73 and that treatment with mannase results in pitch fixation on fibers 74, 75 .
Protein engineering techniques are being used to improve the performances of lipolytic enzymes in different industrial applications, including paper pulp manufacturing, as a complementary approach to the search for new enzymes 48 . Among the different factors to be improved by the above techniques are substrate specificity, and pH and temperature activity, and stability. Concerning substrate specificity, it has already been mentioned that commercial lipases can be used to control pitch problems caused by glycerol esters but they are ineffective on sterol esters. Therefore, lipase protein engineering enabling these enzymes to hydrolyze esters of sterols constitutes an attractive approach. Moreover, increasing enzymatic activity at high temperatures is important in mechanical pulping because, for optimal performance, the lipase should be added to the pulp at a temperature of ~80°C. In a similar way, enzymes acting at high pH and temperature would be desirable for pitch biocontrol in some chemical pulping processes.
The first molecular structure of a lipase was reported ten years ago for the enzyme isolated from Rhizomucor miehei and the architecture of its active center described 76 . The lipid contact zone includes a 'flap' that is opened when in contact with the substrate, exposing the catalytic region. Currently, the crystal structures of at least 12 lipases from fungi and bacteria have been reported in addition to mammal lipases (see Protein Data Bank http://www.rcsb.org/pdb/index.html). By contrast, only the crystal structures of bovine 77 and C. cylindracea 78 sterol esterases (Fig. 2) are currently available. Although highly homologous with Candida rugosa lipase (89% identity; Ref. 79) , the location and nature of the sequence differences in C. cylindracea sterol esterase are consistent with altered substrate specificity -many of them being located in the active site and surrounding regions. With substrate specificity altered from glycerol to sterol esters, it is not surprising that the sterol esterase has a more hydrophobic substrate binding pocket. Taking this information into account, it should be possible to modify (using site-directed mutagenesis) different residues of the active site of lipases to obtain variants with higher activity or modified substrate specificity 
Commercial products such as Albinex ® (formerly Cartapip ® ) from Agrasol Inc. and Resinase ® for the control of triglyceridecontaining pitch deposits in softwood mechanical and acidic sulfite pulps, are on the market. Pitch problems are different during eucalypt kraft pulping because steroids are relatively recalcitrant to biodegradation and are mainly responsible for the deposits (Box 2). A multidisciplinary study on pitch biocontrol during manufacturing of eucalypt kraft pulps was initiated in 1996. Four strains from the white-rot basidiomycetes Bjerkandera adusta, Phlebia radiata, Pleurotus pulmonarius and Poria subvermispora were selected for eucalypt wood pretreatment in a rotary fermenter under solid-state fermentation conditions. After three weeks, kraft cooking of the fungally-treated wood and TCF bleaching, including oxygen delignification and hydrogen peroxide treatment, were carried out in the laboratory. Changes in the composition of the lipophilic fractions of wood, pulp and black liquor as a consequence of the biological pretreatment of wood were analyzed by gas chromatography-mass spectrometry (GC-MS). Changes of lignin content in wood and pulps after fungal treatment were analyzed as Klason lignin and kappa numbers following Tappi rules. To evaluate the potential of the fungal pretreatment of wood in paper pulp manufacturing, different pulping and papermaking parameters (including yield, viscosity, brightness, fiber length, beating degree, density, tensile index, tear index, burst index, air permeability, scattering coefficient and opacity) were evaluated using ISO standard procedures. In this way, it was shown that the degradation of steroids during eucalypt wood pretreatment resulted in lower amounts of these compounds in both pulps and cooking black liquors (Fig. I) . Moreover, the papermaking properties of the biokraft pulps obtained were similar to those of control pulps. A decrease of air porosity and improvement of some mechanical properties was observed. The yield decrease was moderate in most cases. Pilot-scale trials should be carried out to optimize treatment conditions and duration, to attain the highest reduction of lignin content in wood, and free and esterified sterols in pulps and liquors, with the lowest reduction of pulp yield. Review as reported for other industrial applications 48 . Given that the structural bases for lipase resistance to high temperature or extreme pH are not well understood, random mutagenesis strategies should be combined with site-directed mutagenesis to produce lipases with improved properties for their application in the mill. In this way, new generations of tailor-made lipolytic enzymes, better adapted to the high variability of pitch problems in the different paper pulp manufacturing processes, could be available in the near future.
Conclusions
To determine the potential of a particular biological treatment, the heterogeneity of wood extractives and their behavior under different pulping and bleaching conditions must be understood. After determining which classes of lipids are important in each pitch problem, it will be possible to assess the effectiveness of the biological agents in removing the troublesome lipids, without lowering the quality of the final product. Microbial preparations currently on the market (based on colorless strains of the sapstain ascomycete O. piliferum) efficiently contribute to pitch control in pine and other softwood mechanical pulping processes, as well as in acidic sulfite pulping, in which it is the triglycerides that are responsible for the majority of the deposits. In other pulping processes (e.g. using wood with high content of other lipophilic extractives or cooking conditions saponifying triglycerides) steroids are among the most problematic compounds. Fungal strains that strongly degrade free and esterified sterols from eucalypt wood have been selected and their performance evaluated in kraft cooking and TCF bleaching under laboratory conditions. In addition, fungal treatments often result in a reduction in the potential toxicity of mill effluents, especially in the pulping of softwoods containing highly toxic resin acids. Future microbial preparations for use in paper pulp manufacturing could combine the efficient removal of recalcitrant lipophilic extractives and a decrease in effluent toxicity, and being capable of being adapted to different pulp manufacturing processes.
Enzyme preparations (added to pulp or process waters) offer considerable advantages when compared with fungal inocula (applied to the wood before pulping) owing to shorter treatment times and greater specificity in the removal of wood components. However, some compounds that can be efficiently degraded by fungi are not removed by the enzymes currently available. Commercial lipases are only useful for pitch control in softwood mechanical pulping (promising results have also been obtained in acidic sulfite pulping). They can hydrolyze most pulp triglycerides following a few hours of treatment but do not decrease the amount of sterol esters and in fact increase the amount of free fatty acids. The enzymatic control of pitch deposits in different hardwood pulps (as well as in some softwood pulps) would require the use of enzymes able to hydrolyze sterol esters. However, only a small number of these enzymes have been characterized and none are produced for industrial applications. Alternatively, substrate specificity of commercial lipases could be manipulated using molecular biology techniques and simultaneously, the temperature and pH resistance of these enzymes could be tailored to better fit true mill conditions. 
